T he human immune system is extraordinarily good at generating antibodies to recognize an almost infinite range of antigens. Antibodies to antigens found on the cells and tissues of the host are repressed by tolerance mechanisms in health, but in autoimmune diseases they can become prominent. Although there is debate in a number of instances about whether autoantibodies are a cause or effect of disease, in many cases it has been established that autoantibodies directly lead to morbidity and even mortality. Although there is no known way to specifically ''switch off'' the generation of a particular autoreactive antibody response, work by Collin et al. (1) in this issue of PNAS suggests a strategy for reducing the adverse consequences of autoantibodies (1) .
Once an antibody (IgG) has engaged a foreign molecule via its variable antigen binding arms (Fab), the subsequent elimination of the target largely depends on the ''effector functions'' of the constant stem region (Fc). A wide variety of receptor molecules interact with different sites on the Fc, resulting in a range of fates for the bound antigen (2, 3) . One of the key effector systems is complement. This central pathway recognizes ''nonself'' molecular patterns, including arrays of antibody displayed on an antigen surface, and targets them for destruction via a highly efficient array of cell-killing machinery. A specialized Fc adaptor molecule called C1q can bind to a defined binding site on the Fc (4), whereas a separate domain of C1q is associated with enzymes that trigger the rapid activation of the complement pathway. In this way C1q represents a molecular link between the new world of the adaptive immune system and the evolutionarily ancient killing mechanisms of the complement system (5). A second key effector system is provided by IgG Fc receptors (Fc␥Rs) on the surface of many immune cells (3) . Immune complexes coated with multiple IgG molecules are able to bind and crosslink Fc␥Rs (2, 6) . Upon cross-linking, Fc␥Rs initiate an intracellular signaling cascade via phosphorylation of associated immunoreceptor tyrosine-based activation motifs (7) . Despite close similarities in the cytoplasm signaling pathways, the specific consequences of Fc␥R induced activation depend on the particular cell type. For example, monocytes and macrophages are triggered to engulf and degrade antigens in lysosomal compartments, whereas dendritic cells efficiently capture the IgG-bound antigen and then present antigenic components, via MHC I and MHC II, to T cells (8, 9) . Thus the activating Fc␥Rs link the antibody response to cellular immunity.
Although most Fc␥Rs are activating, the Fc␥RIIB receptor functions as a negative, inhibitory regulator of leukocyte function. Expression of the Fc␥RIIB receptor is widespread across most classes of leukocytes (9) . Its central importance to immune regulation and tolerance in humans is highlighted by the increased susceptibility to autoimmune disease associated with polymorphisms of the Fc␥RIIB gene and its promoter (10) . In mice, Fc binding to the Fc␥RIIB receptor on plasma cells, in the absence of a compensating costimulatory BCR signal, leads directly to apoptosis (11) . The Fc␥RIIB receptor may also play an inhibitory role in B cell activation, preventing the generation of additional antibodies to a surface that has previously been targeted (12) .
Effector systems have long been known to be sensitive to the glycosylation state of IgG. The twin carbohydrates of the Fc (attached to Asn-297 of each of the two heavy chain C␥2 domains; see Fig. 1 ) affect the local structure of the protein (13, 14) . The close packing of the glycans appears to determine how closely together the two C␥2 domains of Fc can interact. Progressive removal of carbohydrates changes the ''open'' horseshoe shape of the Fc to a more ''closed'' form (15) . Biochemical and crystallographic studies have demonstrated that Fc␥Rs are extraordinarily sensitive to such changes in protein conformation, apparently favoring recognition of the open form of the Fc. The affinity of C1q for IgG Fc is also affected by the type of glycan present on the molecule: for example, the deposition of C1q on agalactosylated IgG is reduced, thus decreasing this glycoform's ability to initiate complementmediated lysis/phagocytosis (16) .
Glycan modification of IgG can alter the relative binding to activating and (3, 15) , with nonreducing sialic acid residues modeled according to likely linkage constraints]. The close packing of the carbohydrates between the two chains is evident. A range of other glycoforms also exists on serum IgG (13) . These other glycans are based mostly on the biantennary structure but without some or all of the sialic acid or galactose residues from the nonreducing terminus (or fucose residues from the core). The presence of a particular carbohydrate maintains a defined structure of the Fc region, with specific consequences for Fc effector function. Some of the key glycan-mediated interactions are indicated. (19) . [However, the inhibition of Fc␥R binding by Fc sialic acid, rather than MBL binding to nonreducing galactose residues, probably determines the proinflammatory properties of IgG0 (20) 
in vivo.]
From the above, the concept has emerged of carbohydrates modulating or ''fine-tuning'' the affinity of antibody for effector molecules and therefore the immune response. However, the sheer variety of interactions involved might suggest that it would be difficult to directly target the Fc carbohydrates for therapeutic modulation of the antibody effector response.
Collin et al.
(1) adopt a novel experimental approach to this challenge: enzymatic removal of carbohydrates from IgG Fc in vivo. The enzyme chosen, EndoS, is isolated from a common human pathogen Streptococcus pyogenes and specifically hydrolyzes the Fc glycans between the two core GlcNAc residues. This modification of Fc abolishes the binding of IgG to Fc receptors and reduces complement activation. In their study, Collin et al. first showed that EndoS, at low concentration, efficiently hydrolyzes the glycan on IgG in the complex environment of human blood in vitro. They then went on to show that the hydrolysis could be achieved efficiently in the circulation of a live animal by injecting rabbits with EndoS and monitoring total IgG. Low concentrations of EndoS were effective without perturbing the total IgG concentration or disrupting other serum glycoproteins. Furthermore, the IgG glycan hydrolysis effect was observed even in the face of a host antienzyme response. To investigate whether the glycan modification might have utility in modifying IgG activity, they chose a mouse model of a human autoimmune disease, immune thrombocytopenic purpura (ITP), in which platelets are targeted by autoantibodies. In the model, polyclonal antiplatelet IgG is injected in to the mice to cause disease. Collin et al. showed that pretreatment of the antiplatelet IgG with EndoS or treatment of the mice with EndoS after initiation of disease prevented lethal thrombocytopenia in the majority of animals. Most impressively, even if disease was allowed to proceed to symptoms, as might be the case for humans presenting with ITP, EndoS treatment was able to provide considerable benefit.
How does EndoS exercise a protective function? One plausible mechanism is that ''activating'' signals from C1q, Fc␥Rs, and MBL binding are all reduced or abolished, whereas the interaction with the ''inhibitory'' Fc␥RIIB receptor is preserved. This mechanism may reflect the natural immunosuppressive role of this enzyme. S. pyogenes has evolved several mechanisms to evade and diminish the adaptive immune response, one of these appears to effectively switch off the effector functions of IgG.
The idea that antibody-mediated autoimmunity could be therapeutically controlled by a single enzyme is certainly an attractive one, but will Fc deglycosylation become a therapeutic reality? Several questions remain. EndoS is a bacterial protein and is readily targeted for removal by antibodies, wihch would normally limit the half-life of the protein in the blood. However, Collin et al. (1) report that, although antibodies to EndoS were observed in their study, the enzyme nonetheless exhibited reasonable pharmacokinetics. A possible explanation for this observation is that the normal Fc-mediated mechanisms for clearing foreign proteins are reduced, because the IgGs bound to the enzyme are themselves deglycosylated by the enzyme. Another potential obstacle might be that EndoS would cleave glycans other than those on IgG with unknown consequences. Encouragingly, however, EndoS appears unusually specific for the glycans on IgG, probably a consequence of its intrinsic affinity for Fc.
A final concern is that the deglycosylation of autoantibodies is inevitably concurrent with the removal of effector functions from protective, nonself restricted antibodies. The therapeutic benefit of a reduction in autoimmunity is thus bought at the price of decreased antibody protection. The reversibility and magnitude of the IgG-mediated component of autoimmune pathology will determine whether such a tradeoff is medically justified.
